デンキ カイロ ノ コウゴウ カイセキ ニオケル ビブン ダイスウ ホウテイシキ ノ シスウ サイショウカ 21セイキ ノ スウリ ケイカク サイテキカ モデル ト アルゴリズム by 岩田, 覚 & 高松, 瑞代
Title電気回路の混合解析における微分代数方程式の指数最小化 (21世紀の数理計画 : 最適化モデルとアルゴリズム)
Author(s)岩田, 覚; 高松, 瑞代








Research Institute for Mathematical Sciences,
Kyoto University
(Mizuyo Takamatsu)
Graduate School of Information Science and Technology,
University of Tokyo
1
(DAE) , , ,
. DAE
, . , [4, 6],
[10], [21, 24] , DAE ,
[4, 5, 10, 20]. , DAE
.
DAE , DAE
1971 , Gear [8] (BDF) DAE .
, Petzold DASSL [4]. , Hairer&Wanner [10]
, Runge-Kutta RADAU5 .
DAE . , DAE
[19].
, (MNA) DAE
. , , , , MNA
DAE 2 , 1
[24]. , 3 . MNA
DAE , .
MNA , 1939 Kron[18] , 1960 [1]
Branin [3] . MNA
, , . ,
. , ,








1629 2009 104-114 104
. $n$ , $O(n^{6})$ . ,
, $O(n^{3})$ .




$a(s)$ $\deg a(s)$ . , degO $=-\infty$ . $A(s)=$
$(akl(s))$ , $(k,l)$ $\deg a_{k}i(s)\leq 1$ , $A(s)$ .
, $A(s)$ $A_{0},$ $A_{1}$ $A(s)=A_{0}+sA_{1}$ . $A(s)$
, $A(s)$ .
DAE $n\cross n$ $A_{0},$ $A_{1}$ :
$A_{0}x(t)+A_{1} \frac{dx(t)}{dt}=f(t)$ . (1)
, $A(s):=A_{0}+sAi$ $A(s)\tilde{x}(s)=\tilde{f}(s)+A_{1}x(0)$
. , $s$ $t$ $d/dt$ .
2.1 ([4, Theorem 2.3.1]). DAE (1) , $A(s)$
.
21 , $A(s)$ . $A(s)$ $R$ , $C$
. $K\subseteq R$ , $L\subseteq C$ $A(s)$ $A[K, L]$ . , $A(s)$
$r$ $\delta_{r}(A)$ :
$\delta_{r}(A)=\max\{\deg\det A[K, L]||K|=|L|=r, K\subseteq R, L\subseteq C\}$ .
$K,L$
, DAE (1) $\nu(A)$
$\nu(A)=\delta_{n-1}(A)-\delta_{n}(A)+1$
. DAE , .
$0$ , 1 .
3
, , , , ,
. , .
$G=(W, E)$ . , $G$ .
, ,
. , $E_{g},$ $E_{h}$ , $E_{*}:=E\backslash (E_{g}\cup E_{h})$ $E_{y}\cup E_{z}=E_{*}$ ,
$E$ $=\emptyset$ E . , $E_{y}$ ,
E .
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$\xi$ , $\eta$ . $\Psi$ , $\Phi$
, Kirchhoff (KCL) $\Psi\xi=0$ , Kirchhoff (KVL) $\Phi\eta=0$
. $(E_{y}, E_{z})$ , $\xi$ $\eta$ :
$\xi=(\begin{array}{l}\xi_{g}\xi_{y}\xi_{z}\xi_{h}\end{array})$ , $\eta=(\begin{array}{l}\eta_{g}\eta_{y}\eta_{z}\eta_{h}\end{array})$ .
, $E$ . KCL, KVL,
. :
$(\begin{array}{llllllll} \Psi O O \Phi O I O OO O Z(s) Y(s) I OO O O O IO O OO O O I OO O O\end{array})[\frac{\xi_{h}\xi_{z}\xi_{y}\xi_{g}}{\eta_{h}\eta_{y}\eta_{z}\eta_{g}})=(\begin{array}{l}0000g(s)h(s)\end{array})$ .
$A(s)$ .
$G$ , $E_{g}$ , $E_{h}$ , $E_{y}$
$T$ . $T$ $\overline{T}=E\backslash T$ .
$A(s)$ $R,$ $C$ . $(E_{y}, E_{z})$ , $E_{g},$ $E_{y}$ ,
$E_{z},$ $E_{h}$ $A(s)$ $I_{g},$ $I_{y},$ $I_{z},$ $I_{h}$ $V_{g},$ $V_{y}$ ,
$V_{z}$ , . , $T$ , $E_{y}\cap T$ $E_{y}$ $\overline{T}$
$A(s)$ $I_{y}^{\tau},$ $I_{y}^{\lambda}$ $V_{y}^{\tau},$ $V_{y}^{\lambda}$ . , $\tau$ $\lambda$
$T$ $\overline{T}$ . , $I_{z}^{\tau},$ $I_{z}^{\lambda}$ $V_{z}^{\tau},$ $V_{z}^{\lambda}$ . , $I^{\tau}=I_{9}\cup I_{y}^{\tau}\cup I_{z}^{\tau}$,
$V^{\lambda}=V_{y}^{\lambda}\cup V_{z}^{\lambda}\cup V_{h}$ . KCL, KVL, $A(s)$ $Ri,$ $R_{V},$ $S$
.
$(E_{y}, E_{z})$ $T$ , $\Psi$ $\Phi$ $T$
$A_{T}(s)$ . , $A(s)$ $Ri\cup R_{V}$
, $A_{T}[R_{I}, I^{\tau}]=I$ $A_{T}[R_{V}, V^{\lambda}]=I$ $A_{T}(s)$
. , $K\subseteq R$ $L\subseteq C$ $A_{T}[K, L]=I$ , $I_{g},$ $I_{y}^{\tau},$ $I_{z}^{\tau}$
$V_{y}^{\lambda},$ $V_{z}^{\lambda},$ $V_{h}$ $R_{g},$ $R_{y}^{\tau}$ , $R_{y}^{\lambda},$ $R_{z}^{\lambda},$ $R_{h}$ . , $I_{y},$ $V_{z},$ $V_{g}$ ,
I $S_{y},$ $S_{z},$ $S_{g},$ $S_{h}$ . $e$ $i_{e}$
$v_{e}$ . , $A_{T}(s)$ .
3.1 ([14, Lemma 2]). $T$ , $A_{T}[$ $, I_{y}^{\lambda}]=O$ $A_{T}[R_{y}^{\lambda}, V_{z}^{\tau}]=O$ .
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$A_{T}(s)$ :
$I_{g}$ $I_{y}^{\tau}$ $I_{y}^{\lambda}$ $I_{z}^{\tau}$ $I_{z}^{\lambda}$ $I_{h}$ $V_{g}$ $V_{y}^{\tau}$ $V_{y}^{\lambda}$ $V_{z}^{\tau}$ $V_{z}^{\lambda}$ $\ovalbox{\tt\small REJECT}$
, $*$ , $**$ . , $A_{T}(s)$ $(E_{y}, E_{z})$ $T$
.
, $P=R\backslash (R_{y}^{\tau}\cup R_{z}^{\lambda})$ $Q=C\backslash (I_{z}^{\lambda}\cup V_{y}^{\tau})$ . , $B=A_{T}[P,$ $Q|,$ $F=$
$A_{T}[P, C\backslash Q],$ $G=A_{T}[R\backslash P, Q],$ $H=A_{T}[R\backslash P, C\backslash Q]$ , $A_{T}$ $\tilde{A}\tau$
:
$A_{T}=(\begin{array}{ll}B FG H\end{array})arrow\tilde{A}_{T}=(\begin{array}{ll}I O-GB^{-1} I\end{array})(\begin{array}{ll}B FG H\end{array})=(\begin{array}{ll}B FO H-GB^{-1}F\end{array})$ . (2)
$\tilde{A}_{T}$ $H-GB^{-1}F$ $D$ .







. DAE (6) . $I_{g},$ $I_{y}^{\tau}$ , $I_{y}^{\lambda},$ $I_{z}^{\tau},$ $I_{z}^{\lambda},$ $I_{h}$ $\xi_{g},$ $\xi_{y}^{r},$ $\xi_{y}^{\lambda}$ ,
$\xi_{z}^{\tau},$ $\xi_{z}^{\lambda}$ , a $\rangle$ $V_{g},$ $V_{y}^{\tau}$ , $V_{\nu^{\lambda}},$ $V_{z}^{\tau},$ $V_{z}^{\lambda},$ $V_{h}$ $\eta_{g},$ $\eta_{y}^{\tau},$ $\eta_{y}^{\lambda},$ $\eta_{x}^{\tau},$ $\eta_{z}^{\lambda},$ $\eta_{h}$ .
, :
1. a $\eta_{g}$ $S_{h}$ $S_{9}$ .
2. (6) $\xi_{z}^{\lambda}$ $\eta_{y}^{\tau}$ .
3. 1-2 $R_{z}^{\tau}$ $R_{y}^{\lambda}$ , $\xi_{\text{ }}^{\tau}$ $\eta_{y}^{\lambda}$ .
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4. 1-3 $S_{y}$ S , $\xi_{y}^{r},$ $\xi_{y}^{\lambda},$ $\eta_{z}^{\tau},$ $\eta_{z}^{\lambda}$ .
5. 1-4 $R_{g}$ $R_{h}$ , $\xi_{g}$ $\eta_{h}$ .
$E_{y}=\emptyset$ , . , $E_{z}=\emptyset$
. MNA .
DAE , $D=H-GB^{-1}F$ .
$B=A_{T}[P, Q]$ , $D$ . , 3-5
, $B$ 1
. , .
3.2 ([14, Lemma 3]). $E_{y}$ , $E_{z}$
, $B$ 1
, $D$ .
3 , DAE (6) . ,
, (6) $\nu(D)$ .
4
, . $(E_{y}, E_{z})$ $T$
(2) . $k\in R$ $l\in C$ , $k$ $l$ $A_{T}(s)$ $\det A_{T}[R\backslash$
$\{k\},$ $C\backslash \{l\}]$ $d_{kl}$ . $A_{T}[R\backslash \{k\}, C\backslash \{l\}]$ $\tilde{A}_{T}[R\backslash \{k\}, C\backslash \{l\}]$
,
$d_{kl}=$ deg det $\tilde{A}_{T}[R\backslash \{k\}, C\backslash \{l\}]$ , $\forall k\in R\backslash P,$ $\forall l\in C$
. $A_{T}(s)$ $n$ , $\nu(D)$ .
4.1 ([14, Lemma 4]). $(E_{y}, E_{z})$ $T$ ,
$\nu(D)=\max\{d_{kl}k,l|k\in R\backslash P, l\in C\backslash Q\}-\delta_{n}(A_{T})+1$
.
41 , $\nu(D)$ $k\in R\backslash P$ $l\in C\backslash Q$ $d_{kl}$
. , $\nu(D)$ .
4.2 ([14, Theorem 4]). $(E_{y}, E_{z})$ , $\nu(D)$
.
42 , $(E_{y}, E_{z})$ .
$(E_{y}, E_{z})$ $T$ , $A(s)$ $A_{T}(s)$
. , $d_{kl}$ . ,
. , (2) $d_{kl}$ .
, $E_{*}$ $I_{*}$ $V_{*}$ .
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43( ). $k\in I_{*}\cup V_{*}$ $l\in I_{*}\cup V_{*}$ ;
$\theta_{ki=}$ deg det $(\begin{array}{lll}A[R_{I}\cup R_{V} \backslash C\{l\}] A[R_{I}\cup R_{V},\{k\}]A[S,C \backslash \{l\}] 0\end{array})$
. $\Theta=(\theta_{kl})$ , $I_{*}\cup V_{*}$ .
$A(s)$ , .
$Ri\cup R_{V}$ $I^{\tau}\cup V^{\lambda}$ , $A_{T}[R_{I}\cup R_{V}, I^{\tau}\cup V^{\lambda}]=I$
, $\Theta$ $d_{kt}$ .
4.4 ([14, Lemma 7]). $(E_{y}, E_{z})$ $T$ , $k\in Ri\cup R_{V}$
$l\in I_{*}\cup V_{*}$ $d_{k}[=\theta_{ji}$ . , $j\in I^{\tau}\cup V^{\lambda}$ $k$ .
44 , $\Theta$ .
$\nu(D)$ , $k\in I_{y}\cup V_{z}$ $l\in I_{z}\cup V_{y}$ $\theta_{kl}$ .
4.5 ([14, Theorem 5]). $A(s)$ . $(E_{y}, E_{z})$
,
$\nu(D)=\max\{\theta_{kt}k,l|k\in I_{y}\cup V_{\text{ }},l\in I_{z}\cup V_{y}\}-\delta_{n}(A)+1$
.
5
$A(s)$ , $\Theta=(\theta_{kl})$ . 45 ,
, $\max\{\theta_{kl}|k\in I_{y}\cup V_{z}, l\in I$ $\cup V_{y}\}$ . ,
$\max\{\theta_{k}[|k\in I_{y}\cup V_{z},l\in I_{z}\cup V_{y}\}$ $(E_{y}, E_{z})$ .
5.1 ([14, Theorem 6]). $\nu(D)$ $\alpha-\delta_{n}(A)+1$ , $\theta_{kl}\geq\alpha$
$k$ $l$ $(i)-(iv)$ :
(i) $k=i_{e}$ $l=i_{f}$ $\theta_{kl}\geq\alpha$ , e $\in$ E $f\in E_{y}$ .
(ii) $k=i_{e}$ $l=vf$ $\theta_{kl}\geq\alpha$ , $e\in E_{z}$ $f\in E_{z}$ .
(iii) $k=v_{e}$ $l=i_{f}$ $\theta_{kl}\geq\alpha$ , $e\in E_{y}$ $f\in E_{y}$ .
(iv) $k=v_{e}$ $l=vf$ $\theta_{kl}\geq\alpha$ , $e\in E_{y}$ $f\in E_{z}$ .
$(i)-(iv)$ $(E_{y}, E_{z})$ , $2SAT$ .
$u_{e}$ -u . $e\in E_{*}$ , $u_{e}=0$ $e\in E_{y}$ , $u_{e}=1$ e $\in$ E .
$(E_{y}, E_{z})$ , $e$ $u_{e}=0$ ,
$e$ $u_{\epsilon}=1$ . , (i) $u_{\epsilon}\vee\overline{u}f=1$ , (ii) $u_{e}\vee uf=1$ ,
(iii) $\overline{u}_{e}\vee\overline{u}_{f}=1$ , (iv) $\overline{u}_{e}\vee u_{f}=1$ . :
$2SAT(\alpha)$ (1)$-(6)$ $u_{e}$ .
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(1) $e$ , $u_{e}=0$ .
(2) $e$ , $u_{e}=1$ .
(3) $k=i_{e}$ $l=i_{f}$ $\theta_{kl}\geq\alpha$ , $u_{e}\vee\overline{u}_{f}=1$ .
(4) k $=$ ie. $l=v_{f}$ $\theta_{kl}\geq\alpha$ , $u_{e}\vee u_{f}=1$ .
(5) $k=v_{e}$ $l=i_{f}$ $\theta_{kl}\geq\alpha$ , $\overline{u}_{e}\vee\overline{u}_{f}=1$ .




2: $E_{y}arrow\{e|e$ : $\}$ , $E_{z}arrow E_{*}\backslash E_{y}$ ,
$\alphaarrow m\alpha\{\theta_{kl}|k\in I_{*}\cup V_{*},$ $l\in I_{*}\cup V_{*}\}$ .
3: $2SAT(\alpha)$ , $u_{e}$ . $2SAT(\alpha)$ , 5 .
4: $E_{y}arrow\{e|u_{\epsilon}=0\},$ $E_{z}arrow\{e|u_{e}=1\},$ $\alphaarrow\alpha-1$ , 3 .
5: $(E_{y}, E_{z})$ $\alpha$ .
, $(E_{y}, E_{z})$ , $2SAT(\alpha)$
$\alpha$ . 51 , $(E_{y},$ $E_{z})$ ,
$\alpha-\delta_{n}(A)+1$ . , 4 $\alpha$ 1
.
, .
$n$ . , $n/2$ . $\gamma$ ,
$O(\gamma^{4})$ $[$ 13$]$ . $n^{2}$ , $O(n^{6})$
. $2SAT(\alpha)$ $O(n)$ $O(n^{2})$ , $O(n^{2})$
. , $O(n^{6})$ .
, . $[$15$]$ ,
, $O(n^{3})$
. , $A(s)$ $[$22$]$ .
, $O(n^{3})$ .
6
, 1 2 .
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1: . 2: .
61( 3 [9]). 1 , 3
$[a0000001$ $-10000001$ $00000011$ $s_{0}L000001$ $00000011$ $s_{0}C-100000$ $00000001$ $\frac{}{0}1\frac{000}{0,0}1]\{\begin{array}{l}\overline{\xi}_{V}\tilde{\xi}_{C}\overline{\xi}_{I}\tilde{\xi}_{L}\overline{\eta}_{V}\tilde{\eta}_{C}\overline{\eta}_{I}\tilde{\eta}_{L}\end{array}\}=\{\begin{array}{l}0000\tilde{V}(s)000\end{array}\}$
. MNA 3 DAE [9]. ,
$(E_{g}, E_{h}, E_{y}, E_{z})=(\{V\}, \emptyset, \{C,I\}, \{L\})$ $T=\{V, I\}$
, 2
$D=(\begin{array}{ll}l 0sL -1\end{array})$
. $\overline{\xi}_{L}=-saC\tilde{V}(s),$ $sL\tilde{\xi}_{L}-\tilde{\eta}_{I}=0$ .
$C=5[\mu F],$ $L=8[mH],a=0.99,$ $V(t)=10\sin(200t)$ , MNA DAE
DAE Matlab DAE RADAU5 ,
. ,
3 4 .
62( 2 ). 2 , 2














( ), ( ).
4: 61
: MNA ( ),
( ).







$\tilde{\eta}_{R_{1}}$ $\tilde{\eta}_{Rz}$ $\tilde{\eta}_{L_{1}}$ $\tilde{\eta}_{L_{2}}$
$00000011$ $00001011$ $00001011$ $22111111$ $22111111]$ .
, VIAP[7]
.
2: $E_{y}arrow\emptyset,$ $E_{z}arrow\{R_{1}, R_{2}, L_{1}, L_{2}\},$ $\alphaarrow 2$ .
3: $2SAT(2)$ :
$uL_{1}=1,$ $u_{L_{2}}=1,$ $(u_{L_{1}}\vee u_{L_{1}})\wedge(u_{L_{1}}\vee u_{L_{2}})\wedge(uL_{2}\vee u_{L_{1}})\wedge(u_{L_{2}}\vee u_{L_{2}})=1$
$u_{R_{1}}=0,$ $u_{R_{2}}=0,$ $u_{L_{1}}=1,$ $u_{L_{2}}=1$ , $2SAT(2)$ .
4: $E_{y}arrow\{R_{1}, R_{2}\},$ $E_{z}arrow\{L_{1}, L_{2}\},$ $\alphaarrow 1$ .
3: $2SAT(1)$ . $uL_{1}=1$ $uL_{2}=1$ , $2SAT(1)$ :
$u_{L_{1}}=1,$ $uL_{2}=1,$ $(uR_{1}\vee\overline{u}_{R_{1}})\wedge(u_{R_{1}}\vee u_{R_{1}})\wedge(u_{R_{2}}\vee\overline{u}_{R_{2}})\wedge(u_{R_{2}}\vee u_{R_{2}})=1$ .
$u_{R_{1}}=1,$ $u_{R_{2}}=1,$ $u_{L_{1}}=1,$ $u_{L_{2}}=1$ , $2SAT(1)$ .
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4: $E_{y}arrow\emptyset,$ $E_{z}arrow\{R_{1}, R_{2}, L_{1}, L_{2}\},$ $\alphaarrow 0$ .
3: $2SAT(0)$ .
5: $(E_{y}, E_{z})=(\emptyset, \{R_{1}, R_{2}, L_{1}, L_{2}\})$ $\alpha=0$ .
$(E_{y}, E_{z})=(\emptyset, \{R_{1}, R_{2},L_{1}, L_{2}\})$ $\alpha=0$ . deg detA $=1$
, $0$ . , $(E_{y}, E_{z})=(\emptyset, \{R_{1}, R_{2}, L_{1}, L_{2}\})$
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